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Abstract Forested riparian buffers isolate streams from the
influence of harvesting operations that can lead to water tem-
perature increases. Only forest cover between the sun and
stream limits stream warming, but that cover also reduces in-
stream photosynthesis, aquatic insect production, and fish pro-
ductivity. Water temperature increases that occur as streams
flow through canopy openings decrease rapidly downstream,
in as little as 150 m. Limiting management options in riparian
forests restricts maintenance and optimization of various buff-
er contributions to beneficial uses, including forest products,
fish, and their food supply. Some riparian disturbance, espe-
cially along cold streams, appears to benefit fish productivity.
Options for enhancing environmental investments in buffers
should include flexibility in application of water quality stan-
dards to address the general biological needs of fish and tem-
porary nature of clearing induced warming. Local prescrip-
tions for optimizing riparian buffers and practices that address
long-term habitat needs deserve attention. Options and incen-
tives are needed to entice landowners to actively manage for
desirable riparian forest conditions.
.
Introduction
Several species of salmonid fish native to the Pacific
Northwest of the USA have been introduced into cold waters
of other nations, including the UK, New Zealand, and Chile
among others, leading to remarkable sport fisheries. In US
states where these fish are native, regulations requiring treed
buffer strips to ensure the cold-water habitats are the subject of
extensive debate as to their adequacy and design. In countries
where they have been introduced (e.g., the UK), such buffers
are managed in various ways to provide an array of light spots
to enhance photosynthesis in water, leading to nutrition of the
fish (Broadmeadow and Nisbet 2004).
Forested streams in northwestern states of the USA are
hosts to several salmonid fisheries. Forests in this region are
regulated by forest practice rules to protect or enhance these
fisheries, in part by reducing the negative impacts of excessive
stream temperatures. States regulate timber harvesting near
streams to achieve this (Stednick 2008). Riparian
(streamside) forests interact with streams by providing shade
to limit direct solar radiation that can heat water. Potential
negative effects of forest harvesting operations are controlled
by retaining strips of forest cover along stream banks
(buffers). We postulate that some of the creative management
techniques cited by Broadmeadow and Nisbet (2004) offer
possible options where salmon are native.
Direct solar radiation warms streams and provides the pho-
tosynthesis and primary production that feeds the aquatic food
chain. Food availability for fish depends on sunshine. The
ecological history of this region’s forests has been dominated
by periodic large fires, hence high variability in stream tem-
perature as well as food supply. The current regulatory process
is designed to minimize human-caused temperature increases
that are trivial compared with natural variation. Rigid interpre-
tation of regulations designed to minimize fluctuations in
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water quality and the riparian forest environment represents a
regulatory paradox that probably minimizes the fish resource
as well as forest values.
The State of Oregon has developed a set of rules and water
quality criteria since passage of the Forest Practices Act
(1971) that constrains how private landowners can harvest
trees near streams. This review compares riparian disturbances
from natural events and human activities, focused primarily
on lessons from the Pacific Northwest and Oregon. We show
that: (a) the region’s fisheries are adapted to disturbance
events; (b) current levels of disturbance from controlled log-
ging can actually benefit fish populations; (c) site-specific
conditions create opportunities to enhance fish populations
through riparian forest management; and (d) long-term main-
tenance of favorable riparian forests requires active manage-
ment. We propose that the present condition of streams,
streamside forests, and local climate be used to guide riparian
rules, and hence management, and be directed toward achiev-
ing both fishery and riparian forest values.
Oregon’s regulatory framework
Forest management in Oregon is regulated by the Oregon
Forest Practices Act. Oregon’s Departments of Forestry
(ODF) and Environmental Quality (ODEQ) have a regulatory
objective to BEvaluate the effectiveness of this Act and its
rules in encouraging economically efficient forest practices
while protecting forest productivity, water and air quality,
and fish and wildlife at a variety of scales and over time…^
(Oregon Department of Forestry ODF 2014a). In administra-
tive rules (Oregon Department of Forestry ODF 2014b), de-
sired future conditions for riparian management areas are de-
fined in terms of mature forests with no provision for distur-
bances and regeneration of those buffers. This is despite the
need for substantial disturbance where the dominant tree spe-
cies is likely to be Douglas-fir (Pseudotsuga menzieii Mirb.
Franco), a shade-intolerant species that needs near-full sun-
light to propagate and grow.
Riparian rules for private forests in Oregon define buffers
as riparian management areas of specified width (18–30 m;
60–100 ft) along both sides of fish-bearing streams on all
private forest lands after timber harvesting is completed. A
major focus of buffer regulations is minimizing solar radiation
to streams, thus avoiding adverse water temperature increases.
This is an effective tool, but constant shade limits aquatic
photosynthesis, the source of much stream productivity
(Newton and Cole 2005). Many mountain streams are natu-
rally very cold; low valley streams are naturally warmer.
Similar buffers are currently required on both. Not only are
extensive buffers along very cold streams costly, but heavily
shaded streams may be counterproductive to fish as well as
forest.
The stream environment and challenges for rule
makers
Stream regulations have greatly reduced short-term changes in
water quality (Stednick 2008; Kibler et al. 2013). The Alsea
Watershed Study (AWS) (Brown 1970; Stednick 2008) dem-
onstrated that stream protection is needed, especially from
mechanical damage and severe burning in the riparian area.
It showed that large increases in water temperature can be
avoided by maintaining shade. Despite design weaknesses,
the AWS revealed the need for protection of stream banks
by some sort of buffers. What it and similar studies throughout
the Northwest and North America did not reveal was how
diverse riparian conditions might benefit fish, how local ripar-
ian environments must define or adjust management strate-
gies, and howmaintenance is essential for long-term favorable
riparian environments.
Riparian forests have many influences on streams. They
vary widely in species composition and stand structure
(Pabst and Spies 1999; Villarin et al. 2009). They provide
organic matter to streams, including nutritious detritus and
decomposition products (e.g., Hawkins et al. 1982; Gregory
et al. 1987; Kiffney et al. 2003;Wipfli andMusselwhite 2004)
that partially support the aquatic food chain. They provide
large wood that creates cover from predators and dams that
reduce water velocity while creating pool habitat. One of the
major functions of riparian forests is to minimize temperature
fluctuations and increases in streams by providing shade
(Zwieniecki and Newton 1999; Cole and Newton 2013,
2015; and many others). Solar radiation reaching water is
inversely related to vegetative cover, of which trees are the
most significant type in mature forests. Direct solar radiation
is inversely proportional only to tree cover along the southerly
sides of water (Zwieniecki and Newton 1999; Cole and
Newton 2013).
Shading of streams has benefits and costs, depending on
limitations of aquatic food supply and water temperature in-
fluences on fish metabolism (Newton and Cole 2005). The
value of sunlight for photosynthesis in water is decreased
when temperature is excessive. Permanent, no-touch buffers,
proposed by some, would limit management of the valuable
forest and its requirement for sunlight to regenerate shade-
intolerant conifers.
Natural history of the region and its forests must guide
rules. The natural variation in forests, climate, and thermal
environment of this large region is critical to the function of
buffers. The widespread occurrence of Douglas-fir, a light-
demanding species native in much of the Pacific Northwest,
testifies to the near-universal fire history (i.e., extensive defor-
estation) where this species has grown. Anthropogenic distur-
bances, including fires set by natives and early large-scale
regeneration harvests, have occurred in all sizes (Van
Wagtendonk 2007), adding to lightning strike initiations.
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Uncontrolled fires in Oregon alone in the last 200 years have
led to very large areas with nearly complete deforestation,
followed by even-aged forests after decade-requiring natural
reforestation. Often these areas burned repeatedly. In western
Oregon alone, famous forest fires include the Biscuit,
Tillamook (four times), Yaquina (two times), and Nestucca
fires, each denuding 20,000 to 240,000 ha (50,000 to 600,
000 acres). These events also denuded many river and stream
corridors, often for several decades, affecting generations of
fish and waters where they occur, apparently contributing to
large fish runs.
Even-aged natural stands of Douglas-fir reveal the near-
universal roles of fires across most of the forested terrain of
the Pacific Northwest, widely known as the BDouglas-fir
Region^. A much larger region sharing a similar history in-
cludes northern California, Washington, Idaho, and western
Montana wherever shade-intolerant Douglas-fir, western larch
(Larix occidentalis), ponderosa pine (Pinus ponderosa), and
lodgepole pine (Pinus contorta) occur. The famous salmon
fishery of this very large and varied region evolved in a setting
dominated by extreme disturbance. Such variability in streams
and environments suggests a need for rules compatible with
local conditions.
Foresters have long recognized that inappropriate timber
harvesting and site preparation practices near streams can
have negative impacts on aquatic habitats (e.g., Lieberman
and Hoover 1948; Schenck 1955). The AWS data stimulated
studies quantifying the interaction of shade from buffers in
western Oregon on stream water temperature (Brown 1970).
These data led to the first Oregon Forest Practices Act rules
requiring buffers on fish-bearing streams.
Today, ongoing research programs are increasing the pre-
cision with which we assess how forest buffers influence wa-
ter temperature. The costs and complexity of research that
includes both habitat and fish data for variable-buffer studies
are high, but the costs of not adjusting for local conditions and
restricting management options that could benefit stream pro-
ductivity are also high.
Forest streams, how rules must adapt
Variable streams; fitting rule to local needs
Riparian forests in Oregon, by rule, are managed with a strong
emphasis on maintaining favorable water temperature to the
extent possible for cold-water fisheries and growing mature
riparian forests for large wood recruitment and other func-
tions. The Pacific Northwest states of the USA experience
extremely variable stream environments associated with high
precipitation in winter and virtually none in summer. The tem-
perature and precipitation interaction changes with elevation
and precipitation zones. Surely, many of these streams will
benefit from patches of solar radiation to enhance productiv-
ity. This interaction needs attention in the rule-making
process.
At low elevations of the Pacific Northwest, extreme pre-
cipitation occurs in winter months, with negligible contribu-
tions to groundwater for the 5 to 6 months of summer. Stream
behavior ranges from cold torrents in winter to cool, low-
velocity streams that become warmer as discharge declines
in summer. Low elevation sites are warmer, on average, than
high elevation sites, and may need more protection from
heating in summer than is required in mountain streams. In
colder streams at higher elevations, fish habitat might benefit
from exposure to sun, perhaps in gaps, in order to promote
primary production combined with water temperatures that
elevate fish metabolism. It is also notable that specific inver-
tebrates, and probably other organisms as well, require open
stream habitats that are potentially threatened by uniform
mature-forest riparian buffers (Liley 2005).
Oregon’s well-watered terrain above 600 m (2000 ft) has
persistent or transient snow packs and large water-holding
capacity in deep volcanic soils. Groundwater is very cold
when it enters streams in mountainous terrain, and very cool
even at lower elevations. Where headwater streams are very
cold, fish are small but present in low numbers (Kaczynski
1993); these streams represent a major fraction of regulated
stream/kilometers (miles), and are major sources of water for
impoundments and rivers. These cold-water streams have not
had the research attention given the lower elevation sites, yet
buffers are still required at high cost and negative benefit in
many instances. Research targeted on alternative riparian
practices would reveal appropriate levels of buffer protection.
Buffers with broken canopies, as discussed by Broadmeadow
and Nisbet (2004), offer combinations of cold water with ele-
vated primary production. Openings in the riparian forest are
suggested where the stream is very cold, and mixtures of de-
ciduous and coniferous cover are suggested where the stream
is warm.
Most streams follow similar patterns. As they lose altitude,
they gain heat as water passes through layer after layer of
microclimatic temperature, leading to increasing need for at-
tention to water temperature. There is no strict guide for de-
termining stream temperature change as microclimate warms
in the downstream direction. Stratification of sites and their
cover by elevation zones appears to be an important area for
research activity within the agencies regulating near-stream
uses.
Salmonid streams are highly variable in temperature de-
spite widespread productive forests. Rules prohibiting har-
vesting are costly. Avoiding confiscatory regulations is the
responsibility of the regulators. Rules with no benefit to either
landowners or fish are avoidable. In one small area of western
Oregon (Newton and Zwieniecki 1996, figure four), mean tem-
peratures of six streamswith low discharge per unit of basin area
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were 3 °C (5 °F) warmer 4 miles from their sources than six
streams with high discharge per unit area even though the two
groups had the same average temperatures upstream. High- and
low-discharge streams had significantly different thermal re-
gimes, yet both require identical buffers, one stream never ex-
ceeding 15 °C (63 °F). All were in the same county. All were
fish bearing. It is difficult to establish relevant rules for manag-
ing stream temperature when the streams vary this much in one
small area and key factors are not considered.
Protecting the fishery from overprotection
It is difficult to minimize water temperature increases without
adversely affecting productivity of the stream from photosyn-
thesis. Numerous reports of abundant fish associated with for-
est clearings reveal light as a critical component of aquatic
habitat (Newton and Cole 2005). Water temperature and
food inevitably interact. Brett et al. (1982) conducted encyclo-
pedic experiments with several salmonid species over a period
of 30 years. They elaborated on the interaction between feed-
ing satiety and response to water temperature. The importance
of food supply qualified by temperature must guide plans for
protective management within wide bounds. Their observa-
tions of the range of survivable temperatures and the interac-
tion of feeding level on tolerance to high temperatures provide
very useful guidance on conditions to be avoided. They also
identified conditions to which fish can adapt, presumably
explaining how they can respond positively to huge,
vegetation-denuding events.
Brett et al. (1982) showed that fish growth increases with
food availability and that food availability influences the op-
timum temperature for growth. Optimum temperatures in-
creased as fingerlings grew. As fish feeding satiety increased
from 60 to 80 to100%, their maximum weight gain was 1.7,
2.5, and 3.2 g/day, respectively. Maximum growth rates of
fingerlings occurred at temperatures of 14.8, 17.0, and
18.5 °C, respectively, for the different feeding levels. At each
level of satiety, growth was about 90 % of maximum within a
range of about 2.5 °C above and below these optimum levels.
These anadromous fish thrive under highly variable condi-
tions. Such data offer useful guides for establishing acceptable
water temperature levels in accord with feeding opportunity.
Observations in streams open to sun have found more and
larger fish even at elevated water temperatures (Greene
1950; Murphy et al. 1981; Hetrick et al. 1998b; Leach et al.
2012). For forest streams with salmonids in various environ-
ments before and after harvest, the most extreme water tem-
peratures remain only a few hours each day (Cole and Newton
2013), an environment in which fish can compensate for by
feeding as soon as water cools (Brett et al. 1982).
Of greater importance than brief peaks of temperature are
the mean ranges of temperatures in complete clear-cuts that
extend along streams for 300–400 m (1000–1300 ft), which
typically show an increase from uncut reaches of 1.2–2.5 °C
(2–4 °F) (Cole and Newton 2013), often remaining well with-
in a favorable range. In one stream, these authors reported a
maximum temperature of 21 °C (69.4 °F), but cutthroat trout
biomass was twice that of uncut units in the same stream.
There is strong evidence that maintaining dense overstories
of trees over every fish-bearing stream all the time is not
necessary and may not be desirable. Newton and Zwieniecki
(1996), Zwieniecki and Newton (1999), and Cole and Newton
(2013, 2015) have shown that even fractional cover can main-
tain stream temperature with little change as long as that cover
shades the stream from 9 a.m. to 5 p.m. There are numerous
reports of fish productivity that increases or is naturally high in
streams in or immediately adjacent to openings in forest cover
(Murphy et al. 1981; Hawkins et al. 1982; Sedell and Swanson
1984; Wilzbach et al. 1986; Gregory et al. 1987; Hetrick et al.
1998a; Kiffney et al. 2003; Leach et al. 2012; and many
others).
These reports provide evidence that salmonid density and
biomass can increase with openings in the riparian forest cov-
er (Mellina and Hinch 2009). Clearly, the role of food supply
is an important covariant revealing the importance of solar
energy when predicting overall fish health in headwater
streams. The focus on maximum nonlethal temperatures dur-
ing the warmest week of the summer masks the potential
benefits of openings (Brett et al. 1982).
There may be other reasons why riparian forest manage-
ment benefits fish in adjacent streams. In cold oligotrophic
systems, water temperature and nutrients can be co-limiting
to instream primary production. Reduced ocean-derived nutri-
ents have been suggested as a contributing factor to some
salmonid production declines on the West Coast of North
America (Wipfli et al. 2003). This has even prompted artificial
fertilization efforts in some lakes and streams. Nitrate-nitrogen
concentrations in streams often increase following timber har-
vesting (Gravelle et al. 2009). They observed attenuation of
nutrient concentrations downstream greater than simple dilu-
tion, suggesting biological uptake and processing of increased
nutrients. Timber harvesting also increases adjacent stream
discharge by reducing evapotranspiration. In some cases, the
riparian forest has disproportionately large influences on flow
(Hicks et al. 1991). Increased flow, especially during critical
low flow periods, can extend the channel network available
for fish and make existing habitat more favorable. The simple
increase in light by reducing shademay evenmake it easier for
fish to see prey and improve their feeding efficiency.
Scope of research to guide rules
There is no single management prescription applicable to all
streams. Rule-making that prescribes one management ap-
proach can be effective for some sites but not others. This
becomes increasingly important when applied to small and
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cold headwater reaches, the majority of streammiles in Oregon,
where few streams exceed tolerable temperatures (Kaczynski
1993; Newton and Zwieniecki 1996) but most have very high
timber values. One size does not fit all; Bconditioning factors^
are essential for adjusting Best Management Practices to adapt
to variable forest and stream conditions.
Newton and Zwieniecki (1996)) and Cole and Newton
(2013) have shown that temperature peaks reached under un-
buffered conditions rapidly return to untreated levels within
150–1000 m downstream. They also observed that water tem-
perature varied naturally in reaches as short as 150 m, some-
times warming and sometimes with amplitude of natural var-
iation greater than the accepted variation allowed for human
activities by the Protect Cold Water Standard (PCWS) for
Oregon of a 0.3 °C (0.5 °F).
Shade on the water during hours of intense sun prevents
most warming by solar radiation. Regulating non-shading
trees will not result in achieving cooler water temperature
goals. Shade in the Northern Hemisphere is provided only
by trees in a southerly direction from exposed water, and most
shade is generally from trees immediately adjacent to the
stream. These are the trees projecting shadows on the water
during hours of high-angle sunshine when shade is important;
that is, 9 a.m. to 5 p.m. (Newton and Zwieniecki 1996).
Buffers north of the water do not shield against direct solar
radiation.
The current interpretation of the PCWS (Groom et al. 2011)
has little or no relevance for cool streams. Any elevated water
temperatures from openings rapidly decline downstream as
streams equilibrate with their environment, returning to their
natural downstream warming trends. Small, infrequent, and
brief water temperature exceedances do not define the overall
quality of habitat for fish, especially when food supply is
considered (Ice et al. 2007; Loehle et al. 2014).
Obtaining relevant data for stream temperature and fish
Research is needed to refine relevant site-specific prescrip-
tions. This research must inform regulators about the conse-
quences of management choices under differing environmen-
tal conditions, appropriate for the range of environments being
regulated. The research must be objective and focus on the
practical ecology of stream environments, their adjacent for-
ests, and the food supply for fish. This research will determine
where preventive actions (e.g., buffers providing shade) will
avoid harm and where management that increases exposure
(e.g., dappled cover) is beneficial. In major management
zones or areas defined by regulators, fisheries biologists need
to identify test streams where fish are present and can be
observed before and after treatment. These streams could be
tested with potential riparian management options.
The purpose of these tests is to: (a) provide test data capable
of defining and meeting safe and productive temperature
environments appropriate to climate zones; (b) prescribe suit-
able forest management along streams, as defined by forest
cover and growth, responses of fish, and persistence of down-
stream temperature changes; and (c) inform regulators as to
how forest practice rules might adapt to environmental habitat
differences influencing fish.
The proposed testing system provides guidance about
where regulation is needed, and if so: (a) where stream reaches
may need various amounts of functional shade; and (b) how
these alternative prescriptions provide for acceptable levels of
water temperatures, primary production, and sources of large
woody debris. These would be installed within each of two or
three elevation zones in large geographical regions, for exam-
ple from the Willamette Valley to the Pacific Coast. Perhaps
three elevation zones would be sufficient to evaluate how
climate affects season-long water temperature patterns for
each region. The array of tests might include: (a) complete
clear-cuts; (b) <15 m (<50 ft) width, south-side only buffers
(as described by Cole and Newton 2013); (c) 22 m (70 ft)
width, south-side only buffers; (d) current riparian rule appli-
cation, both sides; and (e) 50 % greater buffer width than
existing requirements, both sides.
Each test stream would include two adjacent reaches about
375 m (1200 ft) long, selected according to presence of fish
populations large enough to find representative samples. One
of those reaches would not have any harvest, while the reach
below would be harvested according to one of the prescrip-
tions described. Each reach would be examined for a 3-year
pretreatment period to characterize fish communities, includ-
ing population, size, and growth rates. The same fish sampling
process would be repeated after logging with a time lag
suitable for populations to adapt to the changed
environment, usually about 3 years. Methods such as those
used by Wilzbach et al. (2005) might be needed to isolate
reaches to avoid fish movement confusing test results.
In areas where temperature may not be as critical as fish
nutrition, a set of treatments may include buffers with mottled
cover, such as outlined in the Broadmeadow and Nisbet
(2004) description of buffers with various types of openings;
their mention of dappled canopy openings and patches of
deciduous and coniferous cover leading to seasonal openings
for primary production while allowing photosynthesis is cre-
ative and objective oriented.
Discussion and conclusion
Oregon is considering rule changes to the Oregon Forest
Practices Act designed to meet the state’s water quality stan-
dards, particularly the PCWS. The resource benefits achieved
by the rule must be proportional to the harm caused by forest
practices (ORS527.714(5)(f)). Wilkerson et al. (2006) de-
scribed substantially narrower shade buffers in Maine than
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are being considered for Oregon as adequate to maintain
stream temperatures at desirable levels. Fish response data
are meager but suggest that some stream openings could be
beneficial to fish and that current practices are not negatively
affecting fish populations (Mellina and Hinch 2009). Lack of
fish data on a range of management alternatives creates a
regulatory paradox in that management practices designed to
protect water quality and fish habitat could actually diminish
both fish productivity and the landowner’s timber values.
A large number of reports reveal that fish food and fish
biomass are greater where streams run through clearings than
when flowing through unbroken forests (Murphy and Hall
1981; many others). These reports have consistently demon-
strated the importance of light on fish-bearing streams as long
as direct sunlight is not continuously onwater. The prohibition
of abusive forest practices (such as equipment operating in the
stream or instream wood removal) has been in place for over
30 years. The Oregon Board of Forestry must choose the least
burdensome alternative (ORS-527. 714(5) (e)) for resource
protection. An early study by Murphy et al. (1981) in the
Oregon Cascades found that B…streams traversing open
clear-cuts had greater rates of microbial respiration,
and greater densities or biomasses of aufwuchs, benthos,
drift, salamanders, and trout than did the shaded, forest-
ed sites…^ This is powerful evidence that maintaining
or removing cover can be used as a management tool to
protect streams from excessive water temperatures or
enhance the fisheries productivity.
We see evidence of a positive fish response to timber har-
vesting in our own research and the research of others testing
the effectiveness of the current Oregon Forest Practices Act
(e.g., Newton and Zwieniecki 1996; Newton and Cole 2005;
Cole and Newton 2013; Kibler et al. 2013). This evidence
suggests that there is no emergency to fish created by the
existing OFPA rules, but current rules do minimize manage-
ment that could favor both forests and fish. Increasing protec-
tion from a non-point source activity where water quality
changes are minor and diminish rapidly downstream (e.g.,
Holaday 1992; Zwieniecki and Newton 1999; Johnson
2000) and over time (Summers 1982) is costly, especially
when it does not benefit fish. We postulate that to support an
abundant fishery, rules must allow positive riparian manage-
ment to: (a) maintain stream banks and avoid instream wood
removal; (b) provide for reasonable amounts of future wood
recruitment for stream structure, cover, and allow for associ-
ated terrestrial invertebrate production; (c) allow enough light
on the water to provide a reasonable level of primary produc-
tivity; and (d) provide a favorable range of water temperatures
in which moderately well-fed fish are likely to grow near their
maximum potential (perhaps 80–90 % of maximum) free of
disease. This last element acknowledges the interaction of
temperature tolerance and feed abundance outlined by Brett
et al. (1982).
Fish are cold blooded. Body temperature and activity vary
with water temperature; demand for food varies directly with
stream temperature (Brett et al. 1982; Ice et al. 2004); temper-
atures can be colder as well as warmer than optimum while
still supporting an abundant fishery. The range of tempera-
tures fish are exposed to is important. Greene (1950), Brett
(1956), and Brett et al. (1982) long ago noted that the interac-
tion of stream temperature and food supply is strong, and that
there is a range of several degrees at which fish weight gain
varies very little around a healthy rate if fed to satiation; Brett
et al. (1982) described how tolerance to rising temperature
increases as the season progresses. Greene (1950) was among
the first to observe that fish abundance was greater in meadow
environments than in a shaded stream despite considerably
warmer water. General application of this relationship sug-
gests that fish in very cold water need less extensive buffers
than fish in warm water. There is strong evidence that short
periods of temperatures above 19 °C (70 °F) are not harmful if
foraging is adequate (Ice et al. 2007). The 24 Oregon streams
Newton and Zwieniecki (1996), Zwieniecki and Newton
(1999), Newton and Cole (2005, 2013), and Cole and
Newton (2013, 2015) examined include a range of diurnal
changes of 1.2 to 3.1 °C (2.0–5.6 °F). They also observed
large temperature variations within 150 m reaches flowing
beneath forest cover, representing the influence of highly lo-
calized energy sources and sinks. Natural water temperature
fluctuations due to streamflow levels, season and time of day,
channel exposure, and even disturbance events are much
greater than the 0.3 °C (0.5 °F) limit prescribed by the PCWS.
The continuous occupation of existing riparian cover by
shrubs or rapidly decaying hardwoods such as red alder
(Alnus rubra) that reproduce poorly without bare soil will
eventually give way to shrub dominance. This fails to provide
or maintain a source of durable wood for streams. Current
silvicultural options for riparian areas, other than the
seldom-used hardwood conversion option, seem to doom the
mature conifers identified as a desired future condition. Only
by active management will long-term forest management
goals be met.
Retention of buffers on the north sidemay provide for other
functions (e.g., favorable relative humidity regimes for am-
phibians), but not shade. Yet current rules have two equal
buffers, one on each side. It may be useful to emphasize the
shade-making south side for the best return on the environ-
mental investment if additional shade is needed. Removal of
north-side cover may also allow escape of long-wave radiation
from water, allowing modest cooling and maintenance of cool
streams, as shown by Cole and Newton (2013, see supple-
ment). Local sub-regions may have some storms from direc-
tions other than the south, and hence justify trees’ orientation
elsewhere for large woody debris recruitment.
Streams experience extreme changes in flow (floods to
droughts). Daily and seasonal variations in solar radiation,
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wind-damage, wildfires, landslides, insect outbreaks, and
other disturbances are normal. Clearing of cover and
warming of water has had substantial attention, primarily
toward negative effects, but fish have survived extreme
damage to their environment. Aside from storms, Bisson et
al. (2005) reported that following the 1980 eruption of Mt. St.
Helens, fish populations thrived in what would otherwise be
considered undesirable stream temperatures due to the pres-
ence of abundant food supplies. Bisson et al. (2005) observed
that previous estimates of fish productivity in a river draining
volcanic ash had such high populations of fish that estimation
of fish growth was confounded by competition among these
super-abundant populations. Heck (2004) found fish growth
in a forest watershed after wildfire positively correlated with
increased water temperature, presumably owing to increased
photosynthesis and aquatic biota. Positive response to wildfire
disturbance has been reported elsewhere (Malison and Baxter
2010).
It remains important that rules balance environmental and
economic benefits. Ruckelshaus (1989), first US
Environmental Protection Agency administrator, noted that
Benvironmental protection and economic development are
complementary rather than antagonistic processes…^ Forest
landowners need to be confident that foregone economic ben-
efits are buying a strong environmental return on investments.
While the focus of riparian forest research has long been on
how management affects fish, other beneficial uses have also
been studied. Even early research on clearcutting near streams
showed that amphibian populations, like fish populations,
could respond favorably to increased light and primary pro-
duction (Murphy et al. 1981). Rundio and Olson (2007) found
specific site conditions, such as the presence or absence of
downed large wood, and specific species to be important
factors affecting salamander response to forest thinning.
Dupris and Steventon (1999) found that larval tailed frog den-
sities were lower in streams logged without buffers than in
those with them. Bird and bat populations associated with
riparian areas may also be affected by changes in forest struc-
ture (Skagen et al. 2005). Importantly, forest management is a
cycle, so negative impacts to habitat can recover over time as
long as populations are not extirpated. Widespread removal of
forests due to past harvests and wildfires suggests that these
issues can be managed.
It is likely that riparian decisions will be more complex for
forest managers if additional site-specific conditions are con-
sidered. For riparian areas, most states allow both complete
hands-off options and alternative plans where different man-
agement strategies can be justified. The State of Washington
used a Watershed Analysis approach to set basin-specific for-
est practice regulations (Montgomery et al. 1995), but this
became too costly and cumbersome to persist. Still, the shared
experiences from these analyses allowed revisions in the for-
est practice rules to adopt commonmanagement strategies. By
Bconditioning^ forest practices to important site-specific fac-
tors, managers will not achieve Bperfect^ practices for any
particular site, but they will more closely balance environmen-
tal protection, economic, and ecological needs.
Any proposal that might cause small, temporary increases
in water temperature must also address how these changes
interact with current and projected global warming. Losses
of salmonid habitat are expected from rising water tempera-
tures in the Pacific Northwest (Battin et al. 2007; Ruesch et al.
2012). Water temperature response to climate change is com-
plex, involving air temperatures, streamflow patterns, geolo-
gy, and other factors (Tague and Grant 2009), but much of the
forest stream network will probably remain cool with the in-
fluence of groundwater inputs even if snowpacks are dimin-
ished. It will be important to maximize productivity in these
areas if other habitat sites are compromised. Because water
temperature changes rapidly dissipate downstream and ripar-
ian forests re-grow to provide shade, significant cumulative
effects downstream are unlikely. The fact that salmonids have
thrived despite very large temperature changes due to wild-
fires and volcanic eruptions provides evidence that proposed
riparian management practices are unlikely to exacerbate
global warming impacts and could actually be used to offset
losses in other portions of the stream network. Because stream
temperature is a key variable that should be accounted for in
setting appropriate riparian management rules, any drift up-
ward in water temperatures due to climate change would also
shift the management rules for a particular site.
Habitats in streams or their riparian forests are not currently
being considered as factors in deciding management options;
warm and cold, high and low elevation, all streams are treated
alike. The PCWS seems to imply that any warming from a
harvest unit will be harmful and that heat pulses are cumula-
tive. This reasoning ignores natural cooling downstream by
heat exchange mechanisms and cold-water mixing (Newton
and Zwieniecki 1996; Zwieniecki and Newton 1999) and the
benefits of primary productivity resulting from solar radiation.
This standard for change in water temperature is substantially
smaller than year to year differences in peak temperatures in
given locations (Cole and Newton 2013) and the acceptable
variance in temperature reported by Brett et al. (1982). The
PCWS does not adapt to changing forest conditions or the
potential benefits from occasional disturbances events, includ-
ing timber harvests. It is an anti-degradation standard that does
not take a landscape view of management activity (forestry)
when applied across a region where harvest and propagation
of forests, naturally or industrially, create disturbance events.
These disturbance events are not greatly different from natural
fires, and both the forests and their associated streams depend
on disturbance to create productive conditions during
recovery.
Contemporary forest practices have greatly reduced imme-
diate negative impacts, including large water temperature
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increases observed as a result of historic timber harvesting and
management activities. Consideration of how to provide for
both productive forests and fisheries is part of both harvesting
of timber and fisheries management. There is strong evidence
that openings and disturbance in riparian areas can boost cold-
water fish production in forest streams. Considering the site-
specific conditions of forest reaches, some riparian manage-
ment, such as creating canopy gaps for enhancement of pri-
mary production in cold streams, should be allowed to provide
for increased fish food production, and to achieve the long-
term silvicultural goals for riparian corridors.
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Creative Commons license, and indicate if changes were made.
References
Battin J, Wiley MW, Ruckelshaus MH, Palme RN, Korb E, Bartz KK,
Imaki H (2007) Projected impact of climate change on salmonid
habitat restoration. Proc Nat Acad Sci (USA) 104:6720–5
Bisson PA, Crisafulli CM, Fransen BR, Lucas RE, Hawkins CP (2005)
Response of fish to the 1980 eruption of Mount St. Helens. In: Dale
VH, Swanson FJ, Crisafulli CM (eds) Ecological responses to the
1980 eruption of Mount St. Helens. Springer, New York, pp 163–81
Brett JR (1956) Some principles in the thermal requirements of fishes.
Quart Rev Biol 31:75–87
Brett JR, Clarke WC, Shelbourn JE (1982) Experiments on thermal re-
quirements for growth and food conversion efficiency of juvenile
Chinook salmon Oncorhynchus tshawytscha Can Tech Rep Fish
and Aquat Sci 1127
Broadmeadow S, Nisbet TR (2004) The effect of riparian forest manage-
ment on the freshwater environment: a literature review of best
management practice. Hydro and Earth Sci 8:286–305
Brown GW (1970) Predicting the effect of clearcutting on stream tem-
perature. J Soil Water Cons 25:11–3
Cole EC,NewtonM (2013) Influence of streamside buffers on stream and
air temperature responses following clearcut harvesting in western
Oregon. Can J For Res 43:993–1005
Cole EC, Newton M (2015) Relation between radiation and canopy clo-
sure estimates. For Sci http://dx.doi.org/10.5849/forsci.13-191
Dupris L, SteventonD (1999) Riparian management and the tailed frog in
northern coastal forests. Forest Eco Man 124:35–43
Gravelle JA, Ice G, Link TE, Cook DL (2009) Nutrient concentration
dynamics in an inland Pacific Northwest watershed before and after
timber harvest. For Eco Man 257:1663–75
Greene GE (1950) Land use and trout streams. J Soil Water Cons
53:125–6
Gregory SV, Lamberti GA, Erman DC, Koski KV, Murphy ML, Sedell
JR (1987) Influences of forest practices on aquatic production. In:
Salo EO, Cundy TW (eds) Streamside management: forestry and
fishery interactions. Univ of Washington College of For
Resources, Seattle, pp 233–55
Groom JD, Dent L, Madsen LJ, Fleuret J (2011) Response of western
Oregon (USA) stream temperatures to contemporary forest manage-
ment. For Ecol Manage 202:1618–29
Hawkins CP, Murphy ML, Anderson N (1982) Effects of canopy,
substrate- composition and gradient on the structure of macroinver-
tebrate communities in the Cascade Range of Oregon. Ecology 63:
1840–56
Heck MP (2004) Effects of wildfire on growth and demographics of
coastal cutthroat trout in headwater streams. Dissertation, Oregon
State University 77P
Hetrick NJ, Brusven MA, Meehan WR, Bjornn TC (1998a) Changes in
solar input, water temperature, periphyton accumulation, and
allocthonous input and storage after canopy removal along two
small salmon streams in southeast Alaska. Trans Amer Fish Soc
127:859–75
Hetrick NJ, Brusven MA, Bjorn TC, Keith RM, Meehan WR (1998b)
Effects of canopy removal on invertebrates and the diet of juvenile
Coho salmon in a small stream in southeast Alaska. Trans Amer Fish
Soc 127:876–88
Hicks BJ, Beschta RL, Harr RD (1991) Long-term changes in streamflow
following logging in western Oregon and associated fisheries impli-
cations. Water Res Bull 27(2):217–26
Holaday SA (1992) Summertime water temperature trends in Steamboat
Creek Basin, Umpqua National Forest. Dissertation, Oregon State
University Corvallis, OR USA, p12
Ice GG, Light J, Reiter M (2004) Use of natural temperature patterns to
identify achievable stream temperature criteria for forest streams. W
J Appl For 19:252–9
Ice GG, Unwin JP, Hall TJ, Wiegand P, McLaughlin DB (2007)
Addressing infrequent, brief, and small excursions of water quality.
In: Watershed management to meet water quality standards and
TMDLs. 4th Conference Proc Amer Soc Agric Bio Eng, St Joseph
MI, pp 121–8
Johnson SL (2000) Factors influencing stream temperature in small
streams: substrate effects and a shading experiment. Can J Fish
and Aquat Sci 61:913–23
Kaczynski VW (1993) Flows, temperatures and fish use of minor tribu-
taries on Oregon forest industry lands in the summer of 1993.
Summary report K0015. Oregon Forest Industries Council (OFIC),
Salem, USA, p 3, Available from OFIC on request at http://www.
ofic.com/contact.php
Kibler KM, Skaugset A, Ganio LM, Huso MM (2013) Effects of con-
temporary forest practices on headwater stream temperatures; initial
response of the Hinkle Creek Catchment, Pacific Northwest, USA.
For Eco Manage 310:680–91
Kiffney DM, Richardson JS, Bull JD (2003) Response of periphyton and
insects to experimental manipulation of riparian buffer width along
forest streams. J Appl Ecol 40:1060–76
Leach JA, Moore RD, Hinch SG (2012) Estimation of forest harvesting-
induced stream temperature changes and bioenergetics conse-
quences for cutthroat trout in a coastal stream in British Columbia,
Canada. Aquat Sci 74:427–41
Lieberman JA, Hoover MD (1948) The effect of uncontrolled logging on
stream turbidity. Water and Sew Works 95:255–8
Liley D (2005) Tree and scrub clearance to enhance habitat for the south-
ern damsel fly (Coenagrion mercurial), 2nd edn. Cons Evidence,
Creech Heath, UK, pp 131–2
Loehle C, Wigley TB Jr, Lucier A Jr, Schilling E, Danehy RK, Ice G
(2014) Toward improved water quality in forestry: opportunities and
challenges in a changing regulatory environment. J For 112:41–7
Malison RL, Baxter CV (2010) The fire pulse: wildfire stimulates flux of
aquatic prey to terrestrial habitats, driving increases in riparian con-
sumers. Can J Fish Aquatic Sci 67:570–9
Mellina E, Hinch SG (2009) Influence of riparian logging and in-stream
large wood removal on pool habitat and salmonid density and bio-
mass: a meta-analysis. Can J For Res 39:1280–301
Montgomery DR, Grant GE, Sullivan K (1995) Watershed analysis as a
framework for implementing ecosystem management. Water Res
Bull 31(3):369–86
1156 Environ Sci Pollut Res (2016) 23:1149–1157
Murphy ML, Hall JD (1981) Varied effects of clear-cut logging on pred-
ators and their habitat in small streams of the Cascade Mountains,
Oregon. Can J Fish Aquat Sci 38:137–45
Murphy ML, Hawkins CP, Anderson NH (1981) Effects of canopy mod-
ification and accumulated sediment on stream communities. Trans
Amer Fish Soc 110:469–78
NewtonM, Cole EC (2005) Linkage between riparian buffer features and
regeneration, benthic communities and water temperature in head-
water streams, western Oregon. In: Productivity of western forests: a
forest products focus. Gen Tech Rpt PNW-GTR-642. USDA Forest
Service, Portland OR, pp 61–81
Newton M, Cole EC (2013) Stream temperature and streamside cover
14–17 years after clearcutting along small forested streams, western
Oregon. W J Appl For 28(3):107–15
NewtonM, ZwienieckiM (1996) Temperature and streamflow regulation
by streamside cover. Final report to Oregon Department of Forestry,
Forest Practices Div. Available at: http://www.esipri.org/Library/
Newton_Michael/Newton-Zwieniecke_1996.pdf Accessed 10
November 2015
Oregon Department of Forestry (ODF) (2014a) Water protection rules:
purpose, goals, classification and riparian management areas. http://
arcweb.sos.state.or.us/pages/rules/oars_600/oar_629/629_635.html
Accessed 30 July 2015
Oregon Department of Forestry (ODF) (2014b) Vegetation retention
along streams—desired future conditions. http://arcweb.sos.state.
or.us/pages/rules/oars_600/oar_629/629_640.html Accessed 30
July 2015
Pabst RJ, Spies TA (1999) Structure and composition of unmanaged
riparian forests in the coastal mountains in Oregon. Can J For Res
29:1557–73
Ruckelshaus WD (1989) Toward a sustainable world. Sci Amer Sep
1989:166–74
Ruesch AS, Torgersen CE, Lawler JJ, Olden JD, Peterson EE, Volk CJ,
Lawrence DJ (2012) Projected climate-induced habitat loss for sal-
monids in the John Day River Network, Oregon, U.S.A. Cons Bio
26:873–82
Rundio DE, Olson DH (2007) Influence of headwater site conditions and
riparian buffers on terrestrial salamander response to forest thinning.
For Sci 53(2):320–30
Sedell JR, Swanson FJ (1984) Ecological characteristics of streams in
old-growth forests of the Pacific Northwest. In: Meehan WR (ed)
Environ Sci Pollut Res (2016) 23:1149–1157 1157
Proc fish and wildlife relationships in old-growth symposium. Amer
Inst Fish Biology, Asheville, NC
Schenck CA (1955) The Biltmore story: recollections of the beginning of
forestry in the United States. Minnesota Historical Society, St. Paul
MN
Skagen SK, Hazelwood R, Scott ML (2005) The importance and future
conditions of western riparian ecosystems as migratory bird habitat.
525–527 in USDA Forest Service General Technical Report. PSW-
GTR-191, Albany, CA, USA
Stednick J (ed) (2008) Hydrological and biological responses to forest
practices: the Alsea Watershed Study. Springer Science + Business
Media, New York
Summers RP (1982) Trends in riparian vegetation regrowth following
timber harvesting in western Oregon watersheds. Dissertation,
Oregon State University Corvallis, OR USA, p151
Tague C, Grant GE (2009) Groundwater dynamics mediate low-flow
response to global warming in snow-dominated alpine regions.
Water Res Res 45, W07421. doi:10.1029/2008WR007179
Van Wagtendonk JW (2007) The history and evolution of wildland fire
use. Fire Eco 3:3–17
Villarin LA, Chapin DM, Jones JE III (2009) Riparian forest structure and
succession in second-growth stands of the central Cascade
Mountains, Washington, USA. For Ecol Manage 257:1375–85
Wilkerson E, Hagan JM, Siegel D, Whitman AA (2006) The effective-
ness of different buffer widths for protecting headwater stream tem-
peratures in Maine. For Sci 52:221–31
Wilzbach MA, Cummins KW, Hall JD (1986) Influence of habitat ma-
nipulations on interactions between cutthroat trout and invertebrate
drift. Ecol 67:898–911
Wilzbach MA, Harvey BC, White JL, Nakamoto RJ (2005) Effects of
riparian canopy opening and salmon carcass addition on the abun-
dance and growth of resident salmonids. Can J Fish Aquat Sci 62:
58–67
Wipfli MS, Hudson J, Caouette JP (2003) Marine subsidies in freshwater
ecosystems: salmon carcasses increase the growth rates of stream-
resident salmonids. Trans of the Amer Fish Soc 132:371–81
Wipfli MS, Musselwhite JM (2004) Density of red alder (Alnus rubra) in
headwaters influences invertebrates and organic matter subsidies to
downstream fish habitats in Alaska. Hydrobiologica 520:153–63
Zwieniecki M, Newton M (1999) Influence of streamside cover and
stream features on temperature trends in forested streams of western
Oregon. W J For Res 14:106–13
